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thus becomes somewhat probabilistic. One lumpy 
object might fail to reach the surface, while another 
object identical except for different lumps might 
leave a 10-kilometer crater. The impact process is 
chaotic at some level; this study concentrated on 
extracting robust and useful results from the welter of 
detail that emerges from the numerical hydro-code 
simulations. The sensitivity of the computational 
results to seemingly innocuous and inconsequential 
differences in the model appears to be a real, physi- 
cally based characteristic of the impact process, 
generated by the nonlinear development of the 
hydrodynamical instabilities. The chaotic character of 
the impact process adds extra scatter, as it were, to 
the distribution of results that would already exist 
because of variations in the parameters of incoming 
impactors, such as shape, impact velocity, etc. 

Because most of the larger impactors disintegrate 
by shedding fragments generated from hydrodynamic 
instabilities, a simple heuristic model of the mechani- 
cal ablation of fragments was developed, based on 
the growth rates of Rayleigh-Taylor instabilities. In 
practice, the range of model behavior can be 
described with one free parameter. This "ablation" 
model supplements the more traditional "pancake" 
model that treats the impactor as a single hydrody- 
namically deforming body. The two models have 
different and somewhat overlapping realms of 
validity. The key distinction between large and small 
impactors is that compression waves can cross the 
smaller impactor before the hydrodynamic instabili- 
ties mature, thus involving the whole object in the 
hydrodynamics. By contrast, the larger impactor can 
have its front face stripped off before the trailing 
hemisphere i s  noticeably distorted. For Venus, the 
pancake model generally works better for impactors 
smaller than 1-2-kilometer diameter, and the abla- 
tion model generally works better for impactors larger 
than 2-3 kilometers. 
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The Pathfinder mission demonstrated the poten- 
tial for robotic Mars exploration, but at the same time 
indicated the need for increased rover autonomy. The 
highly ground-intensive control with infrequent 
communication and high latency limited the effec- 
tiveness of the Sojourner rover. This project set out to 
increase the flexibility and robustness of Mars rovers 
by developing a contingent sequence language, a 
contingent plannerhcheduler to support generation of 
such sequences, and an onboard executive system 
that can execute contingent sequences, manage 
resources, and perform fault diagnosis. 

ing language, called the Contingent Rover Language 
(CRL). A key feature of CRL is that it enables the 
encoding of contingent plans specifying what to do if 
a failure occurs, as well as what to do if a sercndipi- 
tous science opportunity arises. For example, a CRL 
plan could specify the following contingent rover 
behavior: wher: a failure occurs, execute a contin- 
gency plan to recover from the failure; if none is 
available, then execute a contingency plan to acquire 
additional data to support failure diagnosis and 
recovery by the ground operations team. 

consists of a contingency plannerkheduler, a 
conditional executive, a resource manager, and a 

The first step was the design of a new command- 

The current autonomy architecture (see figure 1 ) 
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Fig. 1 .  The rover autonomy architecture. 
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state-identification component. The contingency 
planner/scheduler, CPS, is  given high-level science 
goals; it generates a temporally flexible schedule 
along with contingency plans for possible execution 
failures and serendipitous science opportunities. The 
contingent schedule is  refined with help from a rover 
operator and then sent to the onboard conditional 
executive, CX. These commands are sent to the real- 
time control system, with results coming back via 
state monitors into the state identification system, SI, 
which infers the system state from the monitored 
information and updates the state for CX. If com- 
mands fail or schedule constraints are violated, CX 
tries to recover using contingency plans. 

Resources on rovers are severely limited and at 
the same time critical for mission success. An 
onboard, run-time resource manager, RM, receives 
estimated resource profile information from tasks, 
monitors current and planned resource usage, and 
reacts to changes in  resource availability. Accounting 
for the complete state of the rover, diagnosis enables 
earlier fault detection and produces fewer false 
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Fig. 2. Example target application platforms. 
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alarms than fault diagnostic systems, like those on 
Sojourner, which simply trigger on particular anoma- 
lies. The State Identification component (SI) eaves- 
drops on commands sent by CX to the rover. Based 
on inputs from low-level monitors, the commands 
executed on the rover, and a declarative model of the 
rover, SI infers the most likely current state of the 
rover. SI also provides a layer of abstraction to the 
executive, allowing plans to be specified in terms of 
component modes, rather than in terms of low-level 
sensor values. 

The particular characteristics of Mars rover 
operations require a significant level of rover 
autonomy and an ability to handle resource con- 
straints and unpredictable events. Ames researchers 
have designed an architecture for rover autonomy 
that includes contingency planning on ground and 
flexible, robust execution of conditional sequences 
on board. The onboard executive draws on 
model-based fault diagnosis and dynamic resource 
management to maximize its science return. In 
February 1999, some of these rover autonomy 
technologies were demonstrated as part of a field test 
in the Mojave Desert with the Marsokhod rover, 
which appears in the right image of figure 2. During 
this exercise, both advanced rover technologies and 
science investigation strategies for planetary surface 
operations were demonstrated. 
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